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@xErl-xRh#~ exhibitssuperccctuctivitiyat scme critical
tQ~~rZIhK6! T= fC)llC%Pdb~/the Cf?SetO: ~OECJ-ran~t2f~rroIIWJII(2tk
o~deringat a lcwer teiiperaturean: a losscf supercmfiuctlvityfor
X<xc =0.28, where xc is the cr~ticalconcentrationat which
superconductivityis su~ress~. For x stove xc, the ~~un~ is r,o
lcngersuperconductingkt is sti?.1~agnetically ordered. V?e have
made ac resistivityR, ec mgnetic susceptibility)(,and dc
magmtizaticm measuremmts m smples with x rear xc. For x=O.28,
the salientfeatures for the R anilxsreasure~.entsare: (1) In zero
externalfielda sharprrzkximmin the ac X(T) and a rinimm inR(T)
aze o%serv&. Ititha smll exter:sldc magneticfield (-102~),
t~e extr~a~ain )((~)and ~(~) ere ~~~:essed end smared considerably
with a mrreqm.ding shift in the te~sraturesat which the extrem
cccur. (2)The sample is not sup=r-~m.d~ctir.gdam to 0.6 K. (3)In
t-hepreseiicecf a c?cmagneticfieX, a secmd ac X peak a~ears at a
slightlyhiqhsr temperature. (4)TFe fielddepem?enc~of the ac

retailsof the fielcl
of thesephmcmem
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IW’TCHXTICY:

. . . .

The studyof ccqxkiisjmchan isxs‘betwen
magnetic orc%ringar.rlsuperccrxkti’;ity b~s beenOf
ccnsic’erableinterest. Using an ac r.zgnetic
Susceptibilitytecbmiq~e,w have investigatedthe
interacticnbetweenthesetw c~~sing m.ecknisms
fciiorderingin the reentrant xagnetic
superccrduc toc C%xErl_:<?.ll@:.In these
co.xpcmds,the rare earth (PE)ic.nsaccountfor
nearly 11 at.% of the tctal const it!jCntSanticccuy~
regular lztticesites. ;.:e~s~re~,e,~’~@f t~.e
lu;-field Z,Csusceptibilitycn thesepseuc?o-ternary
ccxrpourklsfor x betweenC and 1 h~ue revealedthree
differentamcentratia regimes. E’OZ x ~ 0.26, the
samplesexhibita high-temperaturesuperconducting
pha:;efol.kmd b“ a lcw-terperatu:eferromagnetic
transitionati loss of s“qercot?dcctivity.For 9
0.28, the sa~@es urx.%rgoc?irectparamagneticto
ferrciiagnetictransition.A phase similarin
certainrespsctsto thatchservet?in spin-glassis
seen for x ‘0.28. ?ke temperature-concentration
phase diagranwas reportedels%kre[l]. A
discussionm. the natureof the reentrant rragnetic
superccwm?ucti’~ityin tkeseco.~our:s.was recently
presen&d[21. ~ierev.swxld like to repcrtour
resultscm ac susceptibilitylre5sureYentsfor
S&T@eS with X..-~ where ~ is the critical
ccncentrat.im at which the superctsnductirq
tremsiticntemperature‘2=and the ferrorracjcetic
orderingte,~eratureTm coir,cide.!Zmy cbssrved
featuresare similarto the chara~teristicsof a
spin-cjlass-~stem.

The sa~pleswere preparedfollwing the methcd
eqloyed by Fertiget al.[3]. In order to improve
hcifogeneity,our saTpk were annealedat 1000”Cfor
30 clays.The sampleswere cut into rectang’~lar
piecesapproximately1 nnx 1 ~ xl.Om. The
susceptibilitywas measuredat a 5requencyoE 400 W
ad a drivingfieldof tk orc?erof 10-20s?.
Conventionalfour terninalac el~trical resistance
m.easurercentswere also rode. A

.

2



supercond+t ir.gSolernid puovid< the Static
rw.gneticfieldwhich w.s ~rallel ‘~>tiieac field
a-cdto the lcrq axis of the sazp:e. ~u~ t@ tbe
qxxetry and oricntati~ Of the s~~ple,the
~eragrvstizaticnfactcrwas negligibleand r$Q
wrwtion was made for (“~mb~cetizingeff=ts cn the

:ta pcesentedhere.
In I?ig.1 we S!WJ the concentrationc-?e-wndence

of-the svperconc%.ztir,gan? ferrcx~,acjretictransition
tevpe~atures?t’=m.d Tm reqm$ctively,in zero
externalfield. For x >0.28 ferrc~agnetinprevails
at temperaturesbelw;~‘i’m.L&cm d~ecreasicgCA
ccncentr-ti~sbel~l x S0.26,tbasec~+p]r-dsbec~~e
SLiierCOndU~tiflgat T= fd.k%’(?d!Y/a ferrOT3gnetiC
transition at a kwer temperature ?m. The
ferromagnetictransitionsof ErR!!~4have &R
cCnfirXCedby I’!eUtr~scattering[4)and specificheat
measurements[3,51. Heat capa~i&~rdata also confirm
the ferromagnetictransitionsof
~xErl-xRh4B4 for x = 0.09,0.28,m30.65
[5]. The dashed straightline is tbe resultof the
calculatedCurie-F@isstenpeuaturee basalon the
mean-fieldtheory[2]. Withineq?eri~entalerror
(A3%),the 6 determinedfrO!nrragw2tization
measurementsagreewith the valuesof the
inductivelydeterminedTm, The a-qroximtely
lir%ar increaseof Tm V!ithx slgg~sts the ‘i’mis
a measureof the interacticiisrminlyhetww~ the Cd
icnsvia the RKKY mechanisn. For XSO.I the
sqwmonductincj transitionterrperatw.eTc fOllOvs
the predictionof thelbrikcsavar.dCorkv [N)
theory [6]. ??orx ‘0.23 the ferrc.nigneticexchange
intercacticmcmpetes with supercc~cluctivity’.An
emomlms phase with p5321iarac susceptibilityand
resistivit~behavioroccursnee,rthe critical
concentration.

In orc’erto betteru:t!erstandthesetvo
corrpeting.irteracticnsketwem tw given spins,we
kave masurd the fielddebpe~denceof the ac
susceptibilityd resistanceOE
Cd0.2@rOa72p!~B. (Fig.2). The Salient

ifeaturesare as ohms: (1)In the absenceof an
externallya&@ied staticmagneticfieldjH, a
proncuncrxlmaximum in the ac )((T)PRd a minjnumin
R(T) are observed near 2,41(aid 2.5K,resp~tively.



(~)With a smallmagneticfield ([{’102 Oe), the
excrcm,ai.nboth X(T) and R(r]’)are c?epressci!and
rour?clec!with Corres,yxw?jngshifts in the
temperaturesat which theseextrefi’acccur. V/ith
increasingfielf?s,there is a displacementof the
temperatureof the susceptibilitypeak (To)
twards lower temperatures, ar!cla scmrd smal.].er
susceptibilitybump begins tc appearat increasingly
higher teweratures. The upward shift in the
temperature of the secondx pPak manifests itself
kx?tt.er at highec fiek?s than the field I.evels
slxwn. (2) The sample i.s not superconducting down
to 0.6K. (4) The change in the a~plitude of the
s.usceptibilj.t.v AX(T 4’., !+o) is ,~kcut an or[-’er
~)~ li’J~-~!:j:lL!L~~’ 1.i3CCJL2t’ th;m tl-:zlt Oi : c’3n@lr2L:e piccx
of lead at. iixi superconducting trwsition
(Ax= - (47V-1 ). The AX for the san!pl.evith
x=O.28is cwl.ya!mut tw thirdsof the value in the
yar;~,agneti~to f~rr~agn~tic tra~sj.tiOnof ttle
x=O.G5 sample. The relativecharge inX(T)
normal.izcd to thatof lead increaseswith i,ncroa,~ing
(Y!ccmcent:rationsfor x near xc. Fina~ly, (5),
the qualitativefeaturesof t~eX (T) curve are
independent of t!-x+ dj. reetion of tmperat(lre
Chanqes. However, there is markw..hysteresis
($~.1.K)in ‘r.with a higher‘r.whm the sample
is warm!.xy than cluring ccol.jrq reqardl.e::s of the
fje2f? ?.e~;el.

In PdditionW the sl~wwpt.i.bi].ity (lijtd, recent
cdl.o~iretricstucliesof tl?e heat ct’pacity C(7’)
‘:l’owed that tlw amplitwle of t!;e C(T) anomaly neark,
‘I’. decreases by only shut 1.0% from its field-free
value whcm an external fielc? of 1. koe was applied
[5]. Tlwre isneithera noticeablechangein the
temperature at wh~ch the sharp peak in C(T) occurs
nor an observabl~ broadening of the peak.



. .

H=(J,we have a sSarppeak in x(T)at To. arall
~xternalfields (-10-102~) ro~,~ the~dxir:um
m X al:dshiftI’qto Nxer teirpeuatures.In a
spin glass tk fieldhinderstke occurrenceof the
spin glass transitionantihencec%pressesthe
“freezi~ tenperaturc,” Tf. ~ ~~em in Fig. 2, a
fieldcf abcut 200 G can depress Xty a factorof
abut two even tlmqh the cmres.r.ndingmagnetic
energy,IJH,is less thm 13 of the characteristic
orderingeneqy k~Tm. A similarpknorrerw was
observed in La-Cdalloysby Finnexoreet al.[8]

Within the eqerimerkal error eO.31JB)the
effectivemcqneticmcmnts per P& ic.n,peff~
tletermin~ fra static rriacnetizakicnmeasurements
agree with tbe values pr&icted Eroml?und’s rule by
takingthe wirjhtedsum of the groundstatec<?3+
~ Ik3+ icns,.With ixreasicg C< concentrations,
kth~eff and theCurie-Weisste~erature increase
becauseof the grcwingimportancecf short range
magneticordering. For valuesof x <xc, a
paramagnetic+s~p=~cond~ting+ferrcragnekic
trar!sitionoccurs. For x >x=, tbe=e
pseud-ternary compoundschangef:m. paramgnetic to
ferromagneticordering directly v:it”koutany
interveningsu~e~cond~vticgw sp~n glass-like
regime. FOr x ;l~~rxc the orderingeneugiesof
t% tm o~si;q mechali~ks ~:esent in the system
nearlybalanceeach otherout. This ratherdelicate
balanceresultsin the ~ixcd recji...elyingbetween
the two limits. Theremight be ti.”.odifferent
transitionsvery clcss to each otkw resultirigin a
sb~rppeak of X(T) in ~.s ~~~-:;ertcecjffiel.cl. ~~ith
finitefieldsthe a~sr.wism: of the sc<ond
susceptibilitybump ai a ternpsrat”xehigherthan
To my implyz ferrorragnetictransition.
Accordinqto Verbecket al. [9], in a systemwith
coexistingferromagnetismand spin glass behavior,a
smallapplied fieldcan separatethe singlepeak
into two overla~ing resynses fo~ ferromaunetism
and spin glass due to theiro~site field
depe+ence. An wternal field is favorablefor
fcrrcmagnetisinml WWM enhance t!w ferrciiagnetic
transitirmte77perature,M& it depzessesthusspin
glass freezingterper:,ture. DJe to tfie small values
of tile maqr.etic fidds e,xplv:’x? !-.2re,
superparawxjneti~ rather than the usual

. . . . .
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ferrcmgneti=,may be responsiblefcc tbe second
peak inX . A1.tlm@ the ~ icnsere locatedon the
regularl.attice, the relative~ybrcjeccflcentration
of C% icns CCU,M form “clusters” >:hicb cm rotate as
a whole in a imikst f~eld. These clustersFzy be
ferrc,magneticallycoupledto fcrm s~perparanagnetic
I’roiients[ICI.

The largedrop in ac resistanceat a
temperature higher than To to less t&j ~~lf of
its asymptoticvaluesat high m b+: terperetures
s~ggeststhat the systematterptsto !xcom
superconc?uctir,gkut the transiti~,is suppressedby
ticemagneticordering. The anh.ar.cedccrductivity
may also be due to paracond~tiviayard fluctuations
may persistfor‘r<To. ‘ikeincreesein the
temperaturecf tileresistivemini~’umseers to
correspondto that of the secondsusceptibility
bump. In contrastto the usualbekw~or of a
ferronagnet,the magnetoresistanceof thesesamples
belo~Tm increaseswith increasingfieldfor 04%4
0.28: The ratioof the nomzd resistancekdow Tm
to that aboveTc increasesrccotcnicallyand
apprcdchesunityas x ircreasesfrc.mzero tcward
o.2a. Furtkmme, the reductionin heat cqwity
C(T) with increasingfielc?has also beenO&ZV@ ir!
other spin glass systemswhererrsgneticfieldsblwk
tk formaticnof spin glass ari’hence reduce
C(T) [11]. The esti~at~~Pagr.eti.cccntrib:ltion[51
to the entro.~near To of a~at 12 J/rook-Kis
nearly~ml toR ln(2S+l)= R In 4 = 1.1.5.This
i.rrpl.iesthat four ekctmnic levels (thinCd!3kts)
Of Er3+ lie below -2K.

In sumary, the observedmg~.etic fieldand
temperaturei?epe~denciescfithe CY susceptibility
and the heat capacityfor the reentrant riegretic
superconductorCdxErl_xF.’aLB4near its
criticalccccantraticnOf-xc=().23~ese~hiemany
of ttc characteristicsof a sph glasssystem.
licwever,bscdtiseof the fact that thesear.onnlous
phecnmenatake placx Red: tte criticaltemperature,
thesepker.onwnamight resultfro~Ccmperpair
fl.uctuaticns.Undoubtedlyj R:cre:crk is rwexldto
furthercharacterizethe nature05 this intricjuirlg
p%se.
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